Background: Expression of Drosophila melanogaster nucleoside kinase (Dm-dNK) in mice causes deoxyribonucleotide (dNTP) pool imbalances. Results: Long term Dm-dNK expression rescued thymidine kinase 2 (Tk2)-deficient mice without lethal side effects. Conclusion: Dm-dNK is a candidate to treat TK2 deficiency. Significance: The results highlight mechanisms involved in the in vivo regulation of dNTP pools. . 2 The abbreviations used are: mtDNA, mitochondrial DNA; DGUOK, deoxyguanosine kinase; Dm-dNK, Drosophila melanogaster nucleoside kinase; dNK, deoxyribonucleoside kinase; Hprt, nuclear hypoxanthine-phosphoribosyl transferase; HSV-TK, herpes simplex virus type 1 thymidine kinase; MNGIE, mitochondrial neurogastrointestinal encephalopathy; mt-Cytb, mitochondrial cytochrome b; PNP, purine nucleoside phosphorylase; TYMP, thymidine phosphorylase.
Mitochondrial DNA depletion caused by thymidine kinase 2 (TK2) deficiency can be compensated by a nucleoside kinase from Drosophila melanogaster (Dm-dNK) in mice. We show that transgene expression of Dm-dNK in Tk2 knock-out (Tk2 ؊/؊ ) mice extended the life span of Tk2 ؊/؊ mice from 3 weeks to at least 20 months. The Dm-dNK ؉/؊ Tk2 ؊/؊ mice maintained normal mitochondrial DNA levels throughout the observation time. A significant difference in total body weight due to the reduction of subcutaneous and visceral fat in the Dm-dNK ؉/؊ Tk2 ؊/؊ mice was the only visible difference compared with control mice. This indicates an effect on fat metabolism mediated through residual Tk2 deficiency because Dm-dNK expression was low in both liver and fat tissues. Dm-dNK expression led to increased dNTP pools and an increase in the catabolism of purine and pyrimidine nucleotides but these alterations did not apparently affect the mice during the 20 months of observation. In conclusion, Dm-dNK expression in the cell nucleus expanded the total dNTP pools to levels required for efficient mitochondrial DNA synthesis, thereby compensated the Tk2 deficiency, during a normal life span of the mice. The Dm-dNK ؉/؊ mouse serves as a model for nucleoside gene or enzyme substitutions, nucleotide imbalances, and dNTP alterations in different tissues.
Nucleotides required for mitochondrial DNA (mtDNA) 2 are supplied by de novo synthesis of nucleotides in the cytosol and subsequent transport into the mitochondria and/or by salvage of deoxyribonucleosides within the mitochondria by the enzymes thymidine kinase 2 (TK2) and deoxyguanosine kinase (DGUOK). TK2 and DGUOK are mitochondrial enzymes phosphorylating deoxythymidine (dThd), deoxyuridine (dUrd) and deoxycytidine (dCyt), and deoxyguanosine (dGuo) and deoxyadenosine (dAdo), respectively. Deletions or mutations in the TK2 gene has been associated with myopathic and encephalomyopathic forms of mitochondrial DNA depletion syndrome (1, 2) . Tk2 knock-out (Tk2 Ϫ/Ϫ ) mice survive for only 2-4 weeks and die with signs of severe mtDNA depletion in various tissues, such as skeletal muscle, brain, liver, heart, and spleen, and show pronounced loss of hypodermal fat (3) . The mtDNA depletion in these mice is believed to be a result of depletion of the mitochondrial dTTP pool, caused by the lack of the salvage pathway enzyme that contributes to most of the dTTP in nonreplicating cells. In a strategy to reverse the phenotype of Tk2 deficiency, and to compensate for the loss of Tk2, we used a nucleoside kinase from Drosophila melanogaster (Dm-dNK) that phosphorylates all four deoxyribonucleosides with high catalytic activity and that has been previously expressed at high levels in mammalian cells (4 -7) . Expression of Dm-dNK was shown to compensate for the loss of dTTP and reverse the mtDNA depletion in Tk2-deficient mice (8) . Dm-dNK expressing Tk2 knock-out mice (Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ ) appeared as wild-type (wt) mice with respect to growth and behavior for a period of 6 months. The Dm-dNK expressing mice had Ͼ100fold higher dTTP levels compared with the wt mice but this increase did not affect the fidelity of DNA synthesis for up to 6 months (8) .
The present study was initiated to investigate the total life span of the Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice as well as the long term effects of Dm-dNK expression. The results show that Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ and Dm-dNK ϩ/Ϫ mice survive as long as wt mice and maintain normal mtDNA levels until they are 20 months. The Dm-dNK transgene was constitutively expressed and able to compensate for the dTTP loss caused by TK2 deficiency in most tissues. Gene expression analysis revealed increased mRNA levels of the nucleoside catabolizing enzymes thymidine phosphorylase (Tymp) and purine nucleoside phos-phorylase (Pnp) in the Dm-dNK ϩ/Ϫ and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice. The only phenotypic differences observed were that the Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice were smaller than the wt and Dm-dNK ϩ/Ϫ mice and had reduced subcutaneous and visceral fat.
EXPERIMENTAL PROCEDURES
Mice-Three groups of mice were used in this study: C57BL/6 (wt), Dm-dNK ϩ/Ϫ , and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ . The Dm-dNK ϩ/Ϫ transgene was designed with a His 6 tag, driven by the expression of the CMV promoter. The transgene was injected into fertilized oocytes of female C57BL/6 mice. The Dm-dNK ϩ/Ϫ and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice were obtained by inter-crossing and genotyped as previously described (8) The mice were further classified in three age groups: 6, 12, and 18 -20 months. All animal experiments were compliant with the guidelines of the local ethical committee (S104-09, S135-11).
Generation of Antibody against Dm-dNK-An anti-Dm-dNK polyclonal antibody was developed in rabbit (Agrisera, Vännäs, Sweden) and purified using HiTrap NHS-activated HP affinity columns (GE Healthcare). The antibody was re-purified using affinity columns embedded with total protein extracts from tissues of Dm-dNK Ϫ/Ϫ (wt) mice.
Dm-dNK Protein Expression-Total protein was extracted from the indicated tissues using RIPA buffer and Western blot was performed as previously described (8) . Presence of the Dm-dNK protein was detected using the polyclonal rabbit anti-Dm-dNK antibody (1:3000) and donkey anti-rabbit IgG linked to horseradish peroxidase (HRP) (1:5000). ECL (GE Healthcare) was used as a substrate for the HRP. The membranes were stripped using Restore TM PLUS Western blot stripping buffer (Thermo Scientific) and re-probed with mouse anti-␤-actin antibody (1:3000; Sigma) and HRP-conjugated rabbit antimouse IgG (1:3000; Dako, Glostrup, Denmark) and developed using ECL.
Enzyme Activity Assays-Tissues were homogenized (Qiagen tissue ruptor) and suspended in extraction buffer as previously described (7) . The lysate was centrifuged at 16,000 ϫ g for 20 min, and the supernatant was collected and stored at Ϫ80°C for further use. Protein concentrations were measured with Bradford Protein Assay (Bio-Rad) using bovine serum albumin (BSA) as a concentration standard. The enzymatic assays were performed in a 50-l reaction mixture as described (8) with 3 M [methyl-3 H]thymidine (2 Ci/mmol; Moravek, Brea, CA), and 7 M unlabeled thymidine, and the radioactivity was quantified by scintillation counting.
Preparation of Mitochondria-Mitochondria from fresh liver of wt and Dm-dNK ϩ/Ϫ mice were extracted as described (9) . Briefly, fresh whole liver was rapidly excised, washed twice in ice-cold PBS, and transferred to cold isolation buffer (210 mM mannitol, 70 mM sucrose, 10 mM Tris-HCl (pH 7.5), 0.2 mM EGTA, and 0.5% BSA). The liver was cut into small pieces and homogenized using a glass homogenizer. The homogenate was centrifuged at 1,000 ϫ g for 2 min and the supernatant was centrifuged at 13,000 ϫ g for 2 min. The pellet was washed with 1 ml of isolation buffer and centrifuged again at 13,000 ϫ g for 2 min. The pellet was re-suspended in 1 ml of isolation buffer (without BSA) and 100 l was saved for determination of protein. The suspension was centrifuged again at 13,000 ϫ g for 2 min and the pellet was stored in Ϫ80°C for dNTP extraction.
Extraction of dNTPs-dNTPs were extracted from skeletal muscle, as previously described (8) , and mitochondria (9) . Briefly skeletal muscle samples were homogenized on ice using a Qiagen tissue-ruptor in 10 volumes (w/v) of cold MTSE buffer and centrifuged at 1,000 ϫ g for 3 min. The supernatants were precipitated with 60% methanol in Ϫ20°C for 1-3 h and centrifuged at 20,670 ϫ g for 10 min. The supernatant was heated in a boiling water bath for 3 min and centrifuged at 20,670 ϫ g for 10 min, and the supernatant was evaporated to dryness and the pellet was re-suspended in 0.2 ml of distilled water.
Similarly, dNTPs from the mitochondrial pellet was extracted with 2 ml of 60% methanol as described above. The dried pellet was re-suspended in 0.15 ml of distilled water and stored in Ϫ80°C until further use.
dNTP Assay-For whole cell extracts from skeletal muscle, dNTP pools were quantified as described (10, 11) . Briefly, 100-l reaction volumes were generated with 10 l of sample or standard and 90 l of reaction buffer containing 40 mM Tris-HCl Moravek) and 0.2 units of Klenow DNA polymerase (New England BioLabs). After a 45-min incubation at 37°C, 10 l of the reaction mixture was spotted on Whatman DE-81 filter discs. After drying, the filters were washed (3 ϫ 10 min) in 5% Na 2 HPO 4 , once in distilled water and once in 95% ethanol (10 min each). The filters are completely dried, and the retained radioactivity was determined by scintillation counting. dNTPs from the mitochondria was extracted as described (9) . Briefly, a 20-l reaction volume containing 10 l of sample or standard and 10 l of reaction buffer was incubated at 37°C for 60 min. 19 l of reaction mixture was then spotted on Whatman DE-81 filter discs and the dNTP pools were measured as described above.
The oligonucleotide templates and primers for measurement of dTTP, dCTP, and dGTP pools are as described (10) with a slight modification in the dATP template as described in Table  1 (Sigma). All experiments were performed in duplicates and dNTP pools were determined in picomole of dNTP/mg of tissue (for whole cell extracts) and in picomole dNTP/mg of mitochondria (for mitochondrial extracts).
Gene Expression Analysis-The mRNA levels of various genes were quantified. Total RNA was isolated using the RNeasy kit (Qiagen) and cDNA was synthesized using the high capacity cDNA reverse transcription kit (Applied), according to the manufacturer's instructions. The expression analysis of all genes was done with specific primers in the ABI 7500 Fast machine (Applied Biosystems), using the endogenous GAPDH gene as reference gene for quantitative PCR normalization. KAPA SYBR Fast qPCR kit (KAPA Biosystems, Wilmington, MA) was used to analyze genes involved in deoxyribonucleotide catabolism and TaqMan Fast Universal PCR mix (Invitrogen) with specific probes (MWG-Biotech, Ebersberg, Germany) were used to analyze genes involved in deoxyribonucleotide anabolism. The primers and probes for all the genes studied are listed in Tables 2 and 3 . Quantification of mtDNA Copy Number-mtDNA copy number was measured by quantitative PCR as previously described (8) . Briefly, total genomic DNA was purified from mouse tissues using the DNeasy blood and tissue kit (Qiagen). 10 -20 ng of DNA was used in each reaction. For each DNA sample, the mitochondrial encoded NADH dehydrogenase 1 (mt-Nd1) and nuclear-encoded ribonuclease P RNA component H1 (Rpph1) were quantified separately using primers and probes designed for this purpose (Tables 2 and 3) .
Nuclear and Mitochondrial DNA Point Mutation Analysis-Total RNA was extracted from skeletal muscle of 12-month-old mice and cDNA was synthesized as described before. Using cDNA as template 741-bp fragments of mouse nuclear Hprt exons were amplified by high-fidelity PCR. Total DNA was extracted from skeletal muscle of 12-month-old mice and fragments of the mt-Cytb gene (883 bp) were amplified by high fidelity PCR.
The PCR products (of both genes) were cloned into pGEM-T vector (Promega) after A-tailing according to the manufacturer's instructions. Plasmids of multiple clones obtained were sequenced, and point mutations and mutation rates were calculated as previously described (8) . The primers for the genes are listed in Table 2 .
Histopathology-Selected tissue samples from two mice per genotype were fixed in 4% buffered formaldehyde and transferred to 70% ethanol after 24 h. After routine processing and paraffin embedding, 4-m thick sections were mounted on glass slides, stained with hematoxylin and eosin, and viewed using brightfield microscopy.
Immunohistochemistry-The presence of the Dm-dNK was evaluated by immunohistochemistry with the use of a polyclonal antibody raised in mouse against histidine (His 6 tag of the Dm-dNK protein; mouse pAb) as described in Ref. 12 . Briefly, the slides were deparaffinized and rehydrated and antigen unmasking was performed using 0.01 M citrate buffer (pH 6.0) in a microwave. After cooling, tissue sections were treated with 3% H 2 O 2 for 10 min, and washed in 1 time in Tris-buffered saline (pH 7.6). The slides were incubated with primary antibody, mouse anti-His tag (1:100), overnight at 4°C using the vector M.O.M. TM immunostaining kit (Vector Laboratories, Stockholm, Sweden) according to the manufacturer's instructions and detected using a diaminobenzidine staining reaction.
Transmission Electron Microscopy-Small pieces from different tissues were fixed in fixation buffer, 2% glutaraldehyde, 0.5% paraformaldehyde, 0.1 M sodium cacodylate, 0.1 M sucrose, and 3 mM CaCl 2 (pH 7.4) at room temperature for 30 min, and stored in the fixative at 4°C. Specimens were rinsed in a buffer containing 150 mM sodium cacodylate and 3 mM CaCl 2 (pH 7.4), postfixed in 2% osmium tetroxide, 70 mM sodium cacodylate, 1.5 mM CaCl 2 (pH 7.4) at 4°C for 2 h, dehydrated in ethanol Tk1  TCA AGA TGC TGC CGA AAG C  CCA ACG AGG GCA AGA CAG TAA  Tk2  AGC ATG GTG AGC TGC ACG TA  CCA TGG CCA TAA CCC TCT GA  dCk  CCT CAG AGG CTT GCT TTA GGA TAT  GGA CCC GCA TCA AGA AGA TC  Dguok  GCT CTG CAT TGA AGG CAA CA  CCG GGT GAG TTT TCA TGA GTA AC  Rrm2  GCT TAT TAG CAG AGA CGA GGG TTT  TCC GCT GGC TTG TGT ACC A  Rrm2b  GAC GAA CCG TCG GGA ACT C  TGG GCG ACC CGG AAA  Gapdh  TGT GTC CGT CGT GGA TCT GA  CCT GCT TCA CCA CCT TCT TGA  Tymp  TAC CCT GGA GGT GGA AGA AG  GCC TCC TAG CCT AAT GAC CA  Pnp  AAG TGG CTT CTG CAA CAC AC  GTG ACC TTG CAC TGT GCT TT  Ada  TTG AGG TGT TGG AGC TGT GT  TTC TTT ACT GCG CCC TCA followed by acetone, and embedded in LX-112 (Ladd, Burlington, VT). Semi-thin sections (0.5 m) were cut and stained with toluidine blue for light microscopy. Ultra-thin sections (50 -70 nm) from selected areas were then cut and examined in a Tecnai 10 transmission electron microscope (FEI company, Eind-hoven, The Netherlands) at 80 kV. Digital images were taken using a Veleta camera (Olympus Soft Imaging Solutions, GmbH, Münster, Germany) (13) . Volume density (V v ) measurements of mitochondria were performed as described earlier (14) . Statistical Analysis-All experimental data are represented as mean Ϯ S.E. (shown as error bars). Student's t test was used to analyze the differences between the means and a p value Ͻ0.05 was considered statistically significant.
Gene expression analysis

RESULTS
Life Span, Phenotype and Enzyme Activity of Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ Mice at 6 -20 Months of Age-The life span of Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice was similar to that of wt and Dm-dNK ϩ/Ϫ mice. All groups were similar with regards to behavior up to 18 months and were not kept longer than 20 months. Total body weight of the mice were analyzed at 6, 12, and 18 -20 months. The Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice had significantly lower total body weight as compared with wt and Dm-dNK ϩ/Ϫ (*, p Ͻ 0.05) mice at all ages (Fig. 1a ). The lower body weight was a result of less visceral and subcutaneous fat in the Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice as compared with wt and Dm-dNK ϩ/Ϫ mice and this was observed in mice of all ages analyzed (Fig. 1b) .
The Dm-dNK protein (28 kDa) was detected at high levels in skeletal muscle and kidney of 6-month-old Dm-dNK ϩ/Ϫ and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ samples, and at lower levels in brain, liver, and white and brown adipose tissue (WAT and BAT), using Western blot analysis (Fig. 2a) .
The dThd phosphorylating activity was observed to be Ͼ100-fold higher in skeletal muscle of 12-and 18 -20-monthold Dm-dNK ϩ/Ϫ and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice as compared with wt mice. In the liver the dThd phosphorylating activity was 3-4 times higher in the Dm-dNK ϩ/Ϫ and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice than in wt mice (Fig. 2b) .
Levels of mtDNA, dNTP Pools, and Expression Profiles of Genes Involved in Nucleotide Metabolism-The mtDNA copy number was measured in liver and skeletal muscle samples from 12-and 18-month-old mice (Fig. 3) . No significant difference was observed between skeletal muscle of the wt, Dm-dNK ϩ/Ϫ , and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ samples. A decrease in mtDNA copy number in liver of Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice was observed at 12 months of age (*, p Ͻ 0.05). At 18 months there was a general decrease of mtDNA in all samples but no significant difference between the mouse lines.
Intracellular dNTP pools were measured in whole cell extracts of skeletal muscle of 12-month-old wt, Dm-dNK ϩ/Ϫ , and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice ( Table 4 ). dTTP levels were Ͼ100-fold higher in Dm-dNK ϩ/Ϫ TK2 Ϫ/Ϫ mice as compared with wt mice (***, p Ͻ 0.005). Similarly dCTP, dGTP, and dATP levels were, respectively, 5-, 2-, and 2-fold higher in Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice than wt mice. The dTTP and dCTP pools in Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ were approximately 2 times higher than in Dm-dNK ϩ/Ϫ mice and the dGTP and dATP pools were approximately 1.5 times higher in Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ than Dm-dNK ϩ/Ϫ mice. Mitochondrial dNTP pools were measured in liver of 4 -18-month-old wt and Dm-dNK ϩ/Ϫ mice (data not shown). No significant difference was observed in all 4 dNTP pools in wt and Dm-dNK ϩ/Ϫ mice.
DNA point mutations were determined in the coding region of the nuclear Hprt gene and in the mitochondrial mt-Cytb gene in skeletal muscle of 12-month-old wt, Dm-dNK ϩ/Ϫ , and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice ( Table 5 ). There was no difference in mutation frequencies in both the Hprt gene (1.7, 2.0 and 2.4 mutations/10 kb) and the mt-Cytb gene (2.2, 1.66, and 1.48 mutations/10 kb) (p Ͼ 0.05) in wt, Dm-dNK ϩ/Ϫ , and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice, respectively. mRNA levels of several deoxyribonucleoside metabolizing enzymes were compared in skeletal muscle (Fig. 4a ) and liver (Fig.  4b ) of 12-month-old wt, Dm-dNK ϩ/Ϫ , and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice. Tk2 was knocked down in Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice. The deoxyribonucleotide catabolizing enzymes Tymp, Pnp, and Ada were observed to be up-regulated in the Dm-dNK ϩ/Ϫ and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice as compared with the wt mice. No significant difference was observed in expression levels of other deoxyribonucleotide metabolizing enzymes.
Histopathology, Immunohistochemistry, and Electron Microscopy-Histological analysis of tissues from 12-and 18 -20month-old wt, Dm-dNK ϩ/Ϫ , and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice (three mice of each group) showed no major abnormalities in the Dm-dNK expressing mice as compared with wt mice in liver, heart, and spleen. Skeletal muscle showed an increased number of muscle cross-section and centralization of nuclei in the Dm-dNK ϩ/Ϫ and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice, indicating thinner fibers and an attempt to regeneration. Kidneys showed thickening of the glomerular membranes and scattered tubular protein casts, as well as mild tubular degeneration in the Dm-dNK ϩ/Ϫ and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice. Mild focal cortical mononuclear infiltration was also observed in all the mice. The 18 -20-month-old mice were investigated for their subcutaneous fat content and showed substantial reduction compared with the wt and Dm-dNK ϩ/Ϫ mice (Fig. 5a ). Immunohistochemistry staining was performed on kidney sections to determine localization of the His 6 -Dm-dNK protein using anti-histidine antibody and nuclear localization of the protein was observed in Dm-dNK ϩ/Ϫ and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice. Dm-dNK was expressed in the some cells of the glomeruli and tubules, but not constitutively expressed at detectable levels in other cell types of the kidney (Fig. 5b) .
Mitochondrial structure and density (number of mitochondria per cell cross-section) were examined in skeletal muscle and kidney (proximal and distal tubules). There was no significant difference in the relative mitochondrial volume (%) in kidney or skeletal muscle of 18 -20-month-old wt, Dm-dNK ϩ/Ϫ , and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice ( Table 6 ). The mitochondria in the Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice were observed to be intact (Fig.  5c ) unlike in Tk2 Ϫ/Ϫ mice (3, 15) .
DISCUSSION
In the present study we have investigated the long term effects of Dm-dNK expression in Tk2-deficient mice. Interestingly, the Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice survived equally long as wt and Dm-dNK ϩ/Ϫ mice and showed no behavioral alterations. The only apparent gross difference observed in the Dm-dNK ϩ/ ϪTk2 Ϫ/Ϫ mice was a reduction of total body fat, illustrated by lack of fat tissue in the abdomen as well as decreased subcutaneous fat. The Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice were not observed to eat less, or have less access to food, as compared with the other mice. The absence of fat was similar to what was observed in the Tk2 Ϫ/Ϫ mice and therefore we speculate that this was a result of insufficient mitochondrial function (3, 14) . However, there was no clear mtDNA depletion detected in the tissues investigated although a slight decrease in liver mtDNA in 12-month-old mice could indicate that mtDNA synthesis is not fully compensated for by Dm-dNK expression in these mice. The observation that the Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice lived as long as the wt mice, with the only sign of possible dysfunctional mitochondria resulting in altered fat metabolism, suggests that Dm-dNK compensated mitochondria can support vital functions, if not completely reverting to a wt phenotype in certain tissues. An ordered decline in mitochondrial function with altered storage of fat as an early sign would be in agreement with the phenotype of a normal and healthy aging process in humans. Previous studies suggest a mechanistic relationship between the lack of fat tissue and deficient mitochondrial function that becomes severe when the mtDNA levels in the liver drop below a thresh-old and cause insufficient mitochondrial function in the liver (14) . No significant difference in mtDNA copy number was observed in skeletal muscle of all ages, suggesting that the high Dm-dNK expression in skeletal muscle was able to compensate for mtDNA synthesis to a larger extent as compared with tissues with low Dm-dNK expression, such as liver and adipose tissues.
The activity of Dm-dNK enzyme was consistent at all time points investigated during the 20 months of study. The expression level differed between different tissues because of the CMV promoter (16) , and although the Dm-dNK expression was higher in skeletal muscle and kidney as compared with brain and liver, these tissues developed normally due to the compensatory transgene. The dThd phosphorylating activity, mainly Long Term Effects of Dm-dNK in Tk2 ؊/؊ mice NOVEMBER 21, 2014 • VOLUME 289 • NUMBER 47 derived from Dm-dNK activity, in 12-and 18 -20-month-old mice was similar to that observed in 1-6-month-old mice (Ͼ100-fold higher activity compared with wt) in support of a stable expression of Dm-dNK. Although the Dm-dNK activity in liver extracts of Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice was ϳ25 times lower than in skeletal muscle or kidney, a direct comparison of enzyme activity between different tissues is difficult because the determinations were performed in crude tissue extracts, with a large mixture of other enzymes present in the assay. The high catalytic activity of Dm-dNK results in a very special intracellular composition of the dNTP pools. Normally the dNTP pool sizes are regulated by anabolic and catabolic pathways (Fig. 6 ). The 5Ј-nucleotidases (cytosolic and mitochondrial) are involved in dephosphorylation of deoxyribonucleoside monophosphates to deoxyribonucleosides that are further catabolized by specific phosphorylases and deaminases such as TYMP, uridine phosphorylase (UPP), PNP, and adenosine deaminase (ADA) to their respective bases (17) (18) (19) . Recently, a triphosphohydrolase, sterile ␣ motif HD-domain containing protein 1 (SAMHD1) has been shown to catabolize the dNTPs to their respective nucleosides (20, 21) . Deficiencies of specific enzymes in these pathways lead to accumulation of toxic metabolites and cause severe diseases (22) (23) (24) (25) . In our mouse model the regulation of the dNTP pools was altered due to the expression of Dm-dNK, which resulted in a very large increase of the dTTP pool. However, liver mitochondrial dNTP pools remain unaltered in Dm-dNK ϩ/Ϫ mice compared with wt mice, showing a strict regulation of dNTP pool balance in the mitochondria. To our knowledge the Dm-dNK mouse model is the first living model of a pronounced dNTP pool imbalance and therefore our observation that the mice are quite unaffected by the alteration throughout their life span, and also that DNA synthesis is without increased mutations in both mitochondrial and nuclear DNA, is remarkable. Our findings are in agreement with previous studies demonstrating that a decrease, or absence, of any of the deoxyribonucleotides has adverse effects on the mtDNA levels and affect the fidelity of DNA synthesis (26 -29), but do not have any lethal effects with increased dNTP pools. However, presently observed alterations in nucleotide catabolizing enzyme levels should be regarded as a tentative response to the high levels of dNTPs in the Dm-dNK expressing mice. The Tymp gene was up-regulated in the Dm-dNK ϩ/Ϫ and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice in both skeletal muscle and liver, indicating increased catabolism of dThd to thymine. An increase in mRNA levels of some of the other catabolic enzymes such as Pnp and Ada (in both liver and skeletal muscle) in Dm-dNK ϩ/Ϫ and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice as compared with wt mice could also be observed. This indicates a call for increased breakdown of purine and pyrimidine nucleosides, most likely due to increased dNTP pools. The histopathology of kidney samples revealed mild protein casts and glomerular membrane thickening in both Dm-dNK ϩ/Ϫ and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice that may be caused by a response to break down products of excess purines and/or pyrimidines that are similar to purine and pyrimidine catabolism disorders (30) . In addition, skeletal muscle showed increased degenerative/regenerative changes in the fibers with increased nuclei and reduction in thickness of fibers in Dm-dNK ϩ/Ϫ and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice. We conclude that the alterations found in purine and pyrimidine metabolism were caused by the expression of Dm-dNK because it was observed in both Dm-dNK ϩ/Ϫ and Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice, but not in wt mice. There were no changes in mitochondrial structure or density in kidney (proximal and distal tubules) or skeletal muscle.
Based on our findings, we suggest Dm-dNK as a possible gene for substitution of TK2 deficiency. There are several remaining questions to address for a gene therapy approach such as the level of expression sufficient to compensate the dTTP production and if an intermittent local expression would be possible. In earlier gene therapy studies using herpes simplex virus type 1-thymidine kinase 1 (HSV-TK1), bystander effects were commonly reported (31) . The bystander effect was believed to be caused by transport of the HSV-TK-phosphorylated compound to cells without HSV-TK expression. Recent studies have demonstrated adeno-associated virus vector-mediated gene therapy to treat MNGIE in murine models (32) . An enzyme such as Dm-dNK that has high catalytic activity is hence a possible candidate for therapy because even a short term expression could increase the dTTP pools substantially to rescue the mtDNA depletion. If Dm-dNK expression in a single tissue can sustain mtDNA synthesis in other tissues will be addressed as a next step in our investigation.
The present study contributes to the understanding of how dNTP pool alterations affect living cells and organisms. It is well established by previous studies and clinical observations that a shortage of any dNTP is a severe condition and that a pronounced shortage of any dNTP may not be compatible with life (1, 3, (33) (34) (35) . It is also well documented that deficiencies in catabolic pathways of nucleotides can cause severe conditions. Loss of function mutations in the TYMP gene are known to cause mitochondrial neuro-gastrointestinal encephalomyopathy (MNGIE) and dysfunction of this enzyme causes elevated dTTP pools (22, 36, 37) . However, a decrease in dCTP pools by feedback regulation of TK2 catalyzed dCyt phosphorylation by dTTP is suggested to be the reason for mtDNA depletion in MNGIE (29) . Mutations or deletions of PNP and ADA genes also cause severe conditions characterized by progressive and severe combined immunodeficiency affecting the development of T-cells, B-cells, and NK-cells (23) .
Our mouse model demonstrates that, with all compensatory pathways functioning, the mice can handle increased dNTP pools and that over-compensating a dNTP deficiency is not a very severe condition. This is in great contrast to the severity of a shortage of substrate for mtDNA synthesis. Another interesting observation in our study is the possible early effects on fat metabolism of a decline in mitochondrial function, most probably in liver or fat tissue. The alteration in fat metabolism was a clear phenotypic difference of the Dm-dNK ϩ/Ϫ Tk2 Ϫ/Ϫ mice and therefore should be linked to the genetic deficiency of Tk2 that was only present in these mice. Further studies are warranted to elucidate the mechanisms of a decline of specific mitochondrial functions, whereas keeping other life sustaining mitochondrial functions, in the same organ. Our unique mouse model is well suitable for such future studies related to dNTP imbalance and particularly syndromes characterized or complicated by altered dNTP turnover.
